Community health studies of traffic-related air pollution have been hampered by the cost and participant burden associated with collecting householdlevel exposure data. The current study utilized a participant-based approach to collect indoor and outdoor air monitoring data from 92 asthmatic and nonasthmatic children (9-13 years old) enrolled in two concurrent health studies in Detroit, Michigan (Mechanistic Indicators of Childhood Asthma and Detroit Children's Health Study) conducted by the US Environmental Protection Agency (EPA). Passive samplers were shipped to participating households and deployed by parents of study participants to collect indoor and outdoor measurements of nitrogen dioxide (NO 2 ), volatile organic compounds (VOCs), and polycyclic aromatic hydrocarbons (PAHs) including naphthalene. Half of the households deployed VOC and NO 2 samplers for 7 days; the other half deployed PAH and NO 2 samplers for 2 days and additional PAH samplers for 1 day. Approximately 88% of the households that received air sampling kits completed the air monitoring. Compliance was significantly higher among participants asked to deploy all samplers for 7 days (85%) compared with participants asked to deploy some samplers for 2 days and others for 1 day (56%). The 7-day homes were also more likely to provide usable data (96%) compared with the 1-and 2-day homes (73%). Compliance and providing usable data did not vary between parents of asthmatic versus nonasthmatic study participants and were not reduced among households deploying duplicate samplers. These results suggest that participant-based sampling may be a feasible and cost-effective alternative to traditional exposure assessment approaches that can be applied in future epidemiological and community-based health studies.
Introduction
Traffic-related air pollution has been associated with the development and exacerbation of allergic and respiratory health problems (Diaz-Sanchez et al., 2003; Byrd and Joad, 2006; Sarnat and Holguin, 2007) , adverse developmental and reproductive health outcomes (Ritz et al., 2000 (Ritz et al., , 2002 Wilhelm and Ritz, 2003) , and cardiopulmonary morbidity and mortality (Finkelstein et al., 2004; Heinrich and Wichmann, 2004; Nafstad et al., 2004) . The characterization of various traffic-generated air pollutants such as nitrogen dioxide (NO 2 ), volatile organic compounds (VOCs), and polycyclic aromatic hydrocarbons (PAHs) in both residential indoor and outdoor environments is important for the accurate assessment of health effects associated with exposure to traffic-related air pollution.
These pollutants can be assessed by collecting indoor, outdoor, and personal measurements, a task typically undertaken by trained technicians (Breysse et al., 2005; Diette et al., 2007; Williams and Wheeler, 2007) . Estimates of pollution concentrations and personal exposures can also be obtained through physical or mechanistic modeling-based approaches, including atmospheric, indoor/outdoor/personal exposure, and hybrid models (Boothe et al., 2005; Jerrett et al., 2005; Isakov et al., 2006; McConnell et al., 2006; Isakov and Ö zkaynak, 2007; Ö zkaynak et al., 2008) ; spatial interpolation techniques, for example, kriging or splining methods (Jerrett et al., 2005) ; and empirical statistical models, such as land-use regression models (Brauer et al., 2002; Jerrett et al., 2005; Ross et al., 2006; Smith et al., 2006) . However, these methods can be resource intensive and may impose a significant burden on study participants. As a result, epidemiology studies generally rely on simple surrogates of personal exposures such as central-site monitoring data, proximity to roadways, or traffic volume near the home as indicators of exposure (Janssen et al., 2003; Nicolai et al., 2003; Lewis et al., 2005; Ryan et al., 2005; Venn et al., 2005) .
Participant-based air monitoring has been conducted in a few studies (Spengler et al., 1983; Sexton et al., 1986; Petreas et al., 1988; Whitmore et al., 1999; Rench et al., 2004) , but has been hampered by small sample size, low participation rates, and poor compliance. Perhaps as a result of these limitations, participant-based air monitoring has not been utilized to characterize exposure in previous epidemiological and health studies.
The current study developed sophisticated and costeffective exposure analysis tools for assessing traffic-related air pollution and tested a participant-based approach to indoor/outdoor air monitoring as part of two children's health studies conducted by the US Environmental Protection Agency, Mechanistic Indicators of Childhood Asthma (MICA) and Detroit Children's Health Study (DCHS). The development and application of this participant-based approach was designated as MICA-Air.
Methods

Participant recruitment and exclusion criteria
Families participanting in MICA-Air included asthmatic and nonasthmatic children aged 9-13 years residing, at the date of selection, in Detroit and Dearborn, Michigan, who were enrolled in the MICA study, nested within the Detroit Children's Health Study (DCHS) (Figure 1 ). DCHS questionnaires were mailed to eligible households in June 2006. Using returned questionnaires, clinical staff at Henry Ford Health System conducted telephone recruitment for MICA from September to December 2006. Recruitment procedures were weighted to ensure equal number of asthmatics and nonasthmatics. Upon agreeing to participate in MICA, households were asked whether they would be willing to deploy indoor and outdoor monitors before their clinical visit. Air monitoring was conducted between 30 October 2006 and 9 January 2007. For the MICA-Air study, a participant was the parent or guardian of an enrolled child.
The design, protocol, and participant instructions were approved by the US Environmental Protection Agency and by Institutional Review Boards at Henry Ford Health System, Westat Inc., and the University of North CarolinaChapel Hill. Participants gave verbal consent during the initial recruitment call and signed written consent forms upon arrival at the clinic. Health Insurance Portability and Accountability Act concerns exerted a strong influence on study design and precluded direct or verbal contacts between EPA and study participants before the clinical evaluation.
Households unable to deploy an outdoor sampler in their backyard were excluded; however, selection was not based on gender, race/ethnicity, socioeconomic status, type of residence, or household smoking status. Participants received a $50 incentive for participation in the air monitoring, and up to $175 for completing both DCHS and MICA study.
Air pollution sampling strategy
Participants conducted one-time, concurrent indoor and outdoor monitoring using passive sampling technology. Households were divided into subsets based on sampling duration and type of samplers deployed. Half of the households, designated as 7-day VOC/NO 2 homes, deployed indoor and outdoor passive samplers for VOCs and NO 2 for a period of 7 days. The other half, designated as 1-and 2-day PAH/NO 2 homes, deployed indoor and outdoor passive samplers for NO 2 and PAH; NO 2 samplers were deployed for 2 days, whereas (colocated) PAH samplers were deployed for 1 and 2 days. Sampling design and passive samplers are further described in Supplementary Information A.
Following the recruitment phone call, each participant received an air sampling kit through commercial overnight courier. The kits included all instructions and equipment necessary to complete the air monitoring (Figure 2 ). Instructions for 7-day VOC/NO 2 homes and 1-and 2-day PAH/NO 2 homes without duplicate samplers are provided in Supplementary Information B and C. Instructions included a toll-free number to call for questions about the air monitoring, but no reminders or follow-up calls were conducted.
Participants were directed in their instructions to complete the air sampling 1 day before their scheduled clinic visit. Working backwards from the clinic visit date, participants were asked to set up the samplers either 8 days (7-day VOC/NO 2 homes) or 3 days (1-and 2-day PAH/NO 2 homes) before their clinical evaluation. Each participant received a color-coded calendar marked with their scheduled clinic date. After completing the air monitoring, participants returned samplers and sampling equipment to the clinic at their scheduled clinic visit. Participants who did not return the sampling kits at their scheduled clinic visit could return the kits at a later date.
Air sampling kits
The kits were shipped to arrive at the homes 2-3 days before the scheduled sampling start date to allow sufficient time for receipt, perusal of the instructions, and set-up; while minimizing time samplers were stored in the home before deployment. Each sampling kit contained passive air monitors, sampling equipment, customized instructions, a garden pole for the outdoor sampler, and a duffel bag for returning the sampling equipment to the clinic.
The IRB approved, pictorial and written instructions were provided for all stages of sampler deployment and retrieval (Supplementary Information B and C). Instructions contained an equipment checklist, the sampling calendar, and a data log for recording sampling times and indoor temperature. Samplers were deployed in cages allowing free air movement while protecting small children from potential choking hazard and preventing sampler contamination ( Figure 2 ). Each cage contained color-coded metal hooks and slots customized to the number and type of samplers in the kit. Outdoor cages were covered by an aluminum rainshield and were deployed as freestanding entities on the included garden pole.
Each padlocked sampling cage contained a cardboard box (10.5 00 Â 5 00 Â 4 00 ) with all of the necessary supplies, including sealed containers with passive samplers; clean, baked aluminum foil; pencils for recording sampling data; and nitrile gloves for households deploying VOC samplers ( Figure 2 ). Cardboard separators were placed between glass jars containing PAH samplers to prevent the glass from breaking (not shown). Padlocks provided a safeguard against improper handling of the samplers. The lock combination was divulged in the latter half of the instructions to ensure that participants were familiar with the sampling protocol before they could access the samplers. The entire air sampling kit, including the shipping box, weighed only 5 lbs (2.3 kg).
Sampler deployment and retrieval
To deploy the samplers, participants were instructed to open color-coded containers, remove caps or aluminum foil as needed, and attach samplers to matching color-coded slots and hooks in the sampling cages. Cages were closed and locked after samplers were hung from these hooks. The instructions specified that the indoor cage should be placed on a dresser, desk, or night table in the bedroom of the enrolled child. Participants were asked not to use furniture polish or other cleaning products on furniture before setting up the indoor cage. Participants were instructed to set up the outdoor sampling cage in a secure location away from the side of the house, garage, driveway, trees, or fences by inserting the garden pole into the ground and attaching the cage to the pole.
At the end of the sampling period, participants retrieved samplers by removing them from cages, recapping or wrapping them in clean, baked aluminum foil, and returning them to their original storage containers. Cages, poles, and other sampling supplies were returned to the clinic with the samplers. Participants completed a data log at every stage of sampler deployment and retrieval, recording start and stop times for the samplers as well as indoor temperature during the sampling period. Upon receipt of the sampling equipment at the clinic, sample containers were checked to ensure they were adequately sealed. Samplers were refrigerated and shipped for analysis at 41C within 7 days of receipt.
Quality control and quality assurance
Approximately 15%-20% field blanks and 10% duplicates were deployed for each sampler type (50% indoor and 50% outdoor). To reduce participant burden, no household received more than one duplicate sampler, and households asked to deploy a duplicate sampler received customized sampling kits with instructions and equipment tailored to the samplers they received. To further reduce participant burden, field blanks were shipped to the EPA Human Studies Division in Research Triangle Park, North Carolina and to multiple locations in the Detroit metropolitan area for transportation to the clinic by field staff. Analysis of blanks and comparison of field blanks shipped to Research Triangle Park with those shipped to Detroit will be discussed in future publications.
Compliance
Compliance with the study protocol was determined from data recorded by the participant on the sampling record. Participants who provided complete sampling records consistent with the instructions were considered compliant, whereas participants who provided blank, incomplete, or incorrectly completed sampling records were designated as noncompliant. After the completion of the study, some participants who completed the air sampling were contacted by telephone to clarify or verify data provided on the sampling record. Sampling log data from some noncompliant households were usable following clarification. In contrast, some sampler data were lost due to laboratory error, improper storage or mishandling, and breakage of sampling containers during shipment. Households were classified as providing usable data if they provided complete sampling log data and at least two samplers that could be used in subsequent analyses. Additional information about sampling log errors, follow-up, and sampler data loss is provided in Supplementary Information D.
Ancillary data collection
During the clinic visit, participants completed a questionnaire to assess sampler placement and indoor pollution sources, as well as food intake and time-activity for the participating child (Figure 1 ). Land-use regression model estimates, traffic count variables, and questionnaire data were collected for each household under DCHS. Participating children provided exhaled nitric oxide and lung function measurements, and biological specimens (blood, urine, and nail samples) under MICA and DCHS.
Statistical analyses
Statistical analyses were performed using SAS 9.1 (SAS Institute, Cary, North Carolina, USA). Comparisons between groups were examined using simple t-tests, applying the Satterthwaite method for groups with unequal variance in the variable of interest and the Pooled method for groups with equal or similar variance. Multivariate logistic regression analyses were used to test potential predictors of participation, compliance, and providing usable data. All statistical tests were considered statistically significant at Pp0.050 and marginally significant for P40.050 and o0.10.
Results
Demographics and health status
MICA-Air homes were located in Detroit (87%) and Dearborn (12%) with one household in Oak Park. Participants who conducted air sampling were evenly distributed throughout the area encompassing the study population and spatial distribution did not appear to vary among 7-day VOC/NO 2 homes and 1-and 2-day PAH/NO 2 homes (Figure 3) . The temporal distribution varied (Supplementary Information E). Health status and sociodemographic characteristics did not vary significantly between 7-day and 1-and 2-day homes (Table 1) .
Participation, compliance, and usable data
Of the 114 households asked to conduct air sampling, 91% agreed to participate (Table 2) . Of those who agreed to participate, 88% completed the air sampling and returned their kits to the clinic. The majority (85%) of participants who completed the air sampling provided usable sampling log data and at least two usable samplers.
Adherence to the sampling protocol and providing usable data varied significantly between 7-day VOC/NO 2 homes and 1-and 2-day PAH/NO 2 homes (Table 2 ). Among 7-day homes, 85% of participants adhered to the sampling protocol compared with 56% of 1-and 2-day homes. Similarly, 96% of 7-day homes provided usable data, in contrast with 73% among 1-and 2-day homes.
The presence of duplicate samplers did not decrease compliance and providing usable data among 7-day VOC/ NO 2 homes (Table 3) . Compliance was slightly lower among 1-and 2-day PAH/NO 2 homes that received duplicate samplers; however, this difference was not statistically significant. The asthma status of the enrolled child did not affect either compliance or providing usable data.
Equipment loss
Approximately 92% of sampling kits shipped to Detroit were returned: 87% by study participants who completed air sampling and 5% by participants who did not. Additional details about equipment return are provided in Supplementary Information D.
Accuracy and precision
Preliminary analyses of the duplicate samples indicate high precision (less than 10% relative standard deviation) for indoor and outdoor NO 2 and VOC measurements. In addition, outdoor NO 2 values for the current study compared quite well (on average within 10%) with concurrent MDEQ fixed-site continuous measurements of outdoor NO 2 . Likewise, benzene measurements for the current study appeared to be consistent with results from the Detroit Exposure and Aerosol Research Study, a technician-based EPA study conducted in the Detroit area Williams and Wheeler, 2007) . 
Discussion
The MICA-Air study demonstrates that a participant-based approach to indoor and outdoor exposure assessment can be conducted in the context of a health study, without assistance or oversight from trained field technicians. To facilitate this effort, all of the sampling protocols and equipment utilized in the study were designed to reduce participant burden and improve compliance. Air monitoring relied on simple deployment, recovery, and storage procedures reinforced by color-coding and repetition. Participants received customized pictorial and written instructions; sampling equipment was lightweight, child-safe, and adaptable to different monitoring environments; and samplers were shipped inside locked cages to prevent participants from handling them before reading the instructions. This approach achieved high rates of participation, completion, compliance, and usable data collection coupled with minimal equipment loss. Compliance and usable data varied based on the complexity of the sampling protocols, but did not vary by the asthma status of the enrolled children and were not reduced among households that deployed duplicate samplers.
Participation, compliance, and usable data
Levels of participation, compliance, and providing usable (sampling log and sampler) data for the current study compared favorably with previous studies, whereas the rates of compliance and usable data provided by the 7-day VOC/ NO 2 homes exceeded rates reported for previous studies based on participant-based monitoring.
The National Human Exposure Assessment Survey (NHEXAS) conducted multiphase participant-based sampling among a subset (N ¼ 101) of participants selected through a stratified multistage probability design (Pellizzari et al., 1995) . These NHEXAS households completed technician-based air monitoring using the same samplers prior to the participant-based portion of the study and thus were familiar with the sampling protocol (Whitmore et al., 1999) . Because participation and compliance may vary during multiseason studies, comparisons in this paper were limited to the first phase of NHEXAS. Approximately 58% (N ¼ 107) of the 186 NHEXAS households selected for participant-based sampling provided at least one sample (Whitmore et al., 1999) . Of the 107 who provided at least one sample, only 77% provided usable indoor samplers. Despite their familiarity with sampling protocol, NHEXAS households provided less usable data than the current study (85% for all homes and 96% for 7-day homes).
The California Department of Health Services (CDHS) Indoor Air Quality Program recruited participants from an age-stratified random sample of mobile homes in California to conduct a two-season participant-based air monitoring project to assess formaldehyde; participant-based monitoring of NO 2 was conducted in a subset of the study population (Sexton et al., 1986; Petreas et al., 1988) . As with NHEXAS, comparisons were limited to the first season of participant-based air monitoring. Willingness to participate was lower in CDHS, but completion of air sampling among those who agreed to participate was similar. Of the 1,895 households asked to conduct air sampling under CDHS, approximately 40% agreed to participate and 86% of those who agreed to participate completed the sampling, compared with 91% and 88%, respectively, in the current study. Compliance appeared to be similar to that of 7-day homes, although extensive pilot testing (N ¼ 51) and visits from CDHS field staff to inspect sampler deployment (N ¼ 142) may have increased compliance among CDHS participants.
In another previous study with participant-based monitoring, VOC badges were sent to 18 households accompanied by instructional videos and written instructions and participants received household visits and reminder calls from field staff. Despite these efforts, only 56% of participants provided usable data (Rench et al., 2004) . Spengler et al. (1983) did not report participation or compliance statistics for multiphase participant-based air monitoring of NO 2 among 137 homes in Portage, Wisconsin.
Factors influencing compliance and usable data
Lower levels of compliance were observed among 1-and 2-day PAH/NO 2 participants who were asked to deploy samplers over multiple sampling time frames; however, compliance was not significantly lower among households deploying duplicate samplers. These results suggest that a sampling design including multiple samplers can be more easily deployed by participants than a sampling design involving multiple sampling durations.
Compliance was lower among households whose maximum educational attainment was below high school graduation; however, the ability to provide usable data did not vary by education level of education (data not shown). These results suggest that participants with less than high school education were more likely to have difficulty completing the sampling record, but were able to conduct air sampling and provide the necessary information with additional follow-up. Compliance did not differ by asthma status, suggesting that information bias did not occur.
Few studies have examined factors influencing the success of participant-based air monitoring. Petreas et al. (1988) and Sexton et al. (1986) reported similar compliance rates among CDHS participants who conducted 7-day sampling of NO 2 and formaldehyde compared with those who deployed formaldehyde samplers only, which is consistent with the results of the current study. CDHS also reported improved compliance after strategies similar to those used in the current study (eg, color-coding and simplification of sampling protocol) were adopted (Sexton et al., 1986) . MICA-Air is the first study to describe the impact of educational attainment or multiple sampling time frames on participant-based air sampling.
Equipment loss
Equipment loss was minimal with this participant-based approach. Only 8% of the sampling kits were lost during the course of the study and none of the participants reported that sampling equipment was lost, stolen, or vandalized during deployment. This compares favorably with the 11% loss rate reported by Sexton et al. (1986) .
Accuracy and precision
Arguably, the most rigorous test of participant-based sampling is whether the data collected through a participant-based approach is consistent with data collected by trained technicians. Initial comparisons and early findings from quality assurance/quality control analysis provide evidence that participants were able to follow and implement the study protocols appropriately and collect reliable data. For example, early results for outdoor NO 2 and selected VOC species compare favorably with data from available continuous central-site monitoring in Detroit and technicianbased community monitoring studies conducted in the Detroit area. Further information on the sampling results will be the focus of a subsequent publication.
Strengths and limitations of a nested study design
The MICA-Air study population consisted of households enrolled in a concurrent health study who were asked to conduct air sampling after completing a detailed, 20-page health questionnaire and agreeing to a clinical visit to undergo pulmonary examination and provide blood, urine, and nail samples. The high levels of participation and providing usable data were likely influenced by the recruitment of motivated individuals engaged in a concurrent health study. Although air sampling posed a relatively small additional burden, the participant-burden in the current study was high and participants were willing to conduct air sampling and provided usable data. Although a child's sickness may have motivated participation in the concurrent health study, compliance with air monitoring was nondifferential with respect to health status. Incentives may have played a role in the initial decision to participate in the clinical study ($175) and in the subsequent willingness to participate in the air sampling study ($50) . The clinical study also provided a convenient location for kit return, which may have improved participation and decreased equipment loss.
A participant-based approach to exposure assessment with indoor and outdoor air sampling was successful in conjunction with concurrent health studies (MICA and DCHS). Previous participant-based air monitoring efforts were not conducted in collaboration with concurrent health studies, and these previous studies utilized methodologies, such as field technicians for participant training or deployment assessments, that would be unfeasible in a large-scale epidemiological study due to increased overall costs or reduced sample size. The lower participation rates in previous participant-based air monitoring studies, particularly those with larger sample sizes, could introduce a selection bias. With the current approach, the non-differential compliance by asthma status and the high levels of participation suggest that information and selection biases were not an issue.
The advantages of a nested study design were balanced by formidable constraints, primarily limitations on the sophistication of the air monitoring effort. Participant-friendly design included heterogeneous start times and days, which may present challenges in estimating relative exposure. Future studies should consider the trade-off between allowing participants to determine individual start times and the need for consistency between households. Synchronization of the start times could reduce compliance; however, comparability of data could be improved without synchronization by increasing the sampling duration. For example, conducting weeklong sampling in all homes would greatly reduce the impact of heterogeneous start times. Synchronizing the start days could be accomplished by conducting clinic visits on the same day each week; however, this could drastically increase study duration.
Participant-friendly design and confidentiality concerns also had an impact on quality assurance procedures. Relieving study participants of the burden of storing field blanks minimized confusion, but also forced the study to rely on field staff as surrogates. Confidentiality concerns precluded field staff from assessing accurate deployment through household visits and forced the investigators to rely on indirect measures of compliance.
Summary and conclusions
A participant-based approach to exposure assessment with indoor and outdoor air sampling was successful in conjunction with concurrent health studies. Previous participantbased air monitoring efforts were not conducted in collaboration with concurrent health studies, and these monitoring efforts utilized methodologiesFsuch as field technicians for participant training or deployment assessmentsFthat would be unfeasible in a large-scale epidemiological study due to increased overall costs or reduced sample size. The lower participation rates in previous participantbased air monitoring studies, particularly those with larger sample sizes, could introduce a selection bias. With the current approach, non-differential compliance by asthma status and high levels of participation suggest that information and selection biases were not an issue.
The current paper demonstrates that urban minority study participants in Detroit, Michigan were willing to collect residential indoor and outdoor air monitoring data and able to provide usable sampling record data and air samplers.
Further analysis is needed to confirm the usefulness of this approach. However, these results suggest that the participant-based sampling strategy used in Detroit could be applied in a wide range of epidemiological and community health studies.
